Abstract-In this letter, we report for the first time the use of a sheet of cellulose-fiber-based paper as the dielectric layer used in oxide-based semiconductor thin-film field-effect transistors (FETs). In this new approach, we are using the cellulosefiber-based paper in an "interstrate" structure since the device is built on both sides of the cellulose sheet. Such hybrid FETs present excellent operating characteristics such as high channel saturation mobility (> 30 cm 2 /Vs), drain-source current on/off modulation ratio of approximately 10 4 , near-zero threshold voltage, enhancement n-type operation, and subthreshold gate voltage swing of 0.8 V/decade. The cellulose-fiber-based paper FETs' characteristics have been measured in air ambient conditions and present good stability, after two months of being processed. The obtained results outpace those of amorphous Si thin-film transistors (TFTs) and rival with the same oxide-based TFTs produced on either glass or crystalline silicon substrates. The compatibility of these devices with large-scale/large-area deposition techniques and lowcost substrates as well as their very low operating bias delineates this as a promising approach to attain high-performance disposable electronics like paper displays, smart labels, smart packaging, RFID, and point-of-care systems for self-analysis in bioapplications, among others.
I. INTRODUCTION
N OWADAYS, there is a strong interest in the use of biopolymers for electronic applications, mainly driven by low-cost applications. Cellulose is the Earth's major biopolymer and is of tremendous global economic importance. The possibility to integrate electronic and optoelectronic functions within the production methods of the paper industry is therefore of current interest to enhance and to add new functionalities to conventional cellulose-fiber-based paper. To fulfill these demands, materials and methods should be developed for cheap and mass production. An example is printed electronics using ink-jet technology [1] - [3] like reel-to-reel processing [4] . Some reports have been presented recently using cellulose-based paper as either a substrate for physical support of processing devices like organic thin-film transistors (TFTs) [5] , logic circuits [6] , and electrochromic displays [7] or as an active media in thin-film flexible Li batteries [8] , originating what we call paper electronics as opposed to electronic paper (e-paper) [9] . In this letter, we report for the first time the use of a conventional sheet of cellulose-fiber-based paper simultaneously as the substrate and the dielectric layer in oxide field-effect transistors (FETs), fully processed at room temperature.
In this new device approach, we are using the cellulosefiber-based paper as an "interstrate" structure since the device is built on both sides of the cellulose sheet: the gate electrode, based on a transparent conductive oxide, is deposited on one side, and on the other is the active semiconductor, to be used as the channel layer, and the highly conductive drain and source regions [10] - [12] .
II. EXPERIMENTAL DETAILS
The proposed FETs were produced using two different cellulose-fiber-based papers (with different finishing surfaces, A and B; see Fig. 1 ), acting as the gate dielectric, without any kind of surface treatment. On one side of the paper sheet, a 40-nm-thick GIZO (Ga 2 O 3 -In 2 O 3 -ZnO; 1:2:1% mol) layer (the active oxide semiconductor) was deposited by RF magnetron sputtering, at room temperature, in a Pfeiffer Vacuum Classic 500 system. The aluminum source and drain regions were deposited afterward by e-beam evaporation (180 nm) over the patterned semiconductor region. On the other side of the paper sheet, an IZO (In 2 O 3 -ZnO; 5:2 mol%) film (160 nm) was deposited by RF sputtering at room temperature, to serve as the gate electrode. The paper sheet works simultaneously as the substrate and the device dielectric layer. Fig. 2 shows a schema of the proposed device configuration, illustrating the different layers and the corresponding thickness.
The FETs were electrically characterized in air, at room temperature, and in the dark using a Cascade Microtech M150 microprobe station connected to a semiconductor parameter analyzer (Agilent 4155C) controlled by the Metrics ICS software. The films' thickness was measured with a Sloan Tech Dektak surface profilometer. The surface characterization of the cellulose paper was done by scanning electron microscopy (SEM) using SU-70 FE from Hitachi. The electrical characteristics of the oxide films were determined from Hall effect measurements using the Van der Pauw geometry (Biorad HL5500) at a constant magnetic field of 0.5 T.
0741-3106/$25.00 © 2008 IEEE Fig. 1 . SEM images showing the type of microstructure exhibited by cellulose-paper-based fibers: type A presents a higher porosity, while type B shows a more compact structure. Fig. 2 . Schema of the FET structure using the cellulose sheet as the gate dielectric.
III. RESULTS AND DISCUSSION
To evaluate the electrical properties of the cellulose fibers as well as to determine the effectiveness of their coating, an IZO thin film (gate electrode) was deposited on top of the two different substrates. Electrical resistivity and Hall mobility measurements were carried out at room temperature. The obtained values are presented in Table I and compared to   TABLE I  COMPARISON OF THE ELECTRICAL PROPERTIES OF AMORPHOUS IZO  THIN FILMS DEPOSITED those obtained for IZO deposited on soda-lime glass. The IZO films deposited on cellulose paper substrates show electrical performances that are slightly inferior to the ones deposited on glass substrates. The resistivity increases about 2.5 times with a significant decrease associated to the Hall mobility, from 35 cm 2 /Vs to around 8 cm 2 /Vs on the average, mainly due to the high surface roughness of the cellulose fiber paper. Similar results have been obtained on polymeric substrates [13] .
To observe the cellulose fiber surface coverage by the IZO film, a high-magnification SEM was performed (30 k). Fig. 3 shows a fracture that occurred due to the overheating induced by the microscope electron beam. The film presents an amorphous structure and covers all the free surface of the cellulose fibers. Fig. 4 shows the transfer characteristics of two typical GIZO FETs, with W/L = 10.6, in the saturation region (V D = 15 V) 5 . SEM image of a cross section of a cellulose fiber, revealing the internal morphology using the two types of cellulose-based fiber as the dielectric layer. The saturation mobility (µ sat ) and gate threshold voltage were calculated from the derivative and the x-axis interception of the √ I D (V G ) plot, respectively. The subthreshold gate swing value (S) was obtained at the maximum slope of dV G /d(log I D ). Table II presents a comparison of the electrical parameters of the two series of paper-based GIZO FETs and of a typical GIZO FET fabricated on crystalline silicon, using thermal SiO 2 as the dielectric layer (100 nm).
With the exception of the I OFF current value, which is around four orders of magnitude higher than that of GIZO FETs fabricated using SiO 2 as the dielectric layer, the present obtained electronic performances of devices do not significantly differ. The observed difference can be explained by the fact that cellulose fibers have a typically open structure (macroporosity), as can be seen in Fig. 5 .
IV. CONCLUSION
We have produced high-performance hybrid flexible FETs using cellulose fiber (without any treatment) as the dielectric layer and a semiconductor oxide (GIZO), deposited by RF magnetron sputtering at room temperature, as the channel layer. The transistors processed under this way have an enhancement n-type operation mode and exhibit an near-zero threshold voltage, a channel saturation mobility exceeding 30 cm 2 /Vs, a drain-source current I ON /I OFF modulation ratio above 10 4 , and a subthreshold gate voltage swing of about 0.8 V/decade. Even two months after processing the device, performances were unchanged, revealing that they are environmentally stable (stored in air ambient conditions).
The obtained results outpace those of amorphous Si TFTs and rival with the actual state of art concerning oxide-based TFTs produced on either glass or crystalline silicon substrates, even the ones processed or annealed at temperatures as high as 200
• C-300
• C. The compatibility of these devices with large-scale/largearea deposition techniques and low-cost substrates as well as their very low operating bias delineates this as a promising approach to attain high-performance disposable electronics like paper displays, smart labels, smart packaging, RFID, and pointof-care systems for self-analysis in bioapplications, among others.
